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Abstract
Cyclin D1b is an alternative transcript of the cyclin D1 gene (CCND1) expressed in human tumors.
Its abundance is regulated by a single base pair polymorphism at the exon 4/intron 4 boundary
(nucleotide 870). Epidemiological studies have shown a correlation between the presence of the
G870A allele (that favors the splicing for cyclin D1b) with increased risk and less favorable outcome
in several forms of cancer. More recently, it has been shown that, unlike cyclin D1a, the alternative
transcript D1b by itself has the capacity to transform fibroblasts in vitro. In order to study the
oncogenic potential of cyclin D1b, we developed transgenic mice expressing human cyclin D1b
under the control of the bovine K5 promoter (K5D1b mice). Seven founders were obtained and none
of them presented any significant phenotype or developed spontaneous tumors. Interestingly, K5D1b
mice do not develop the fatal thymic hyperplasia, which is characteristic of the cyclin D1a transgenic
mice (K5D1a). Susceptibility to skin carcinogenesis was tested in K5D1b mice using two-stage
carcinogenesis protocols. In two independent experiments, K5D1b mice developed higher papilloma
multiplicity as compared with wild-type littermates. However, when K5D1b mice were crossed with
cyclin D1KO mice, the expression of cyclin D1b was unable to rescue the carcinogenesis-resistant
phenotype of the cyclin D1 KO mice. To further explore the role of cyclin D1b in mouse models of
carcinogenesis we carried out in silico analysis and in vitro experiments to evaluate the existence of
a mouse homologous of the human cyclin D1b transcript. We were unable to find any evidence of
an alternatively spliced transcript in mouse Ccnd1. These results show that human cyclin D1b has
different biological functions than cyclin D1a and confirm its oncogenic properties.
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INTRODUCTION
Cyclin D1, a protein involved in cell cycle progression, is thought to be the point of convergence
of mitogenic signal transduction cascades [1][2]. Strictly regulated at the level of transcription,
translation and protein stability, cyclin D1 binds and activates CDK4 (or CDK6) forming an
active kinase holoenzyme that phosphorylates Rb and other proteins [3]. In addition to this cell
cycle related function, it was recently shown that cyclin D1 acts as a transcriptional regulator
in a CDK independent manner [4][5].
A large body of literature has shown that genetic alterations of the cyclin D1 gene (CCND1)
are common in human and experimental cancer. Overexpression, amplification, gene
rearrangements, and mutations of this gene have been found in tumors of different origins
[6]. In spite of this overwhelming correlative evidence, functional studies in vitro have not
shown transforming activity and in vivo transgenic models overexpressing this cyclin have
shown either weak or no oncogenic activity [7-10]. Yet, experiments in cyclin D1-null mice
(D1KO) or cyclin D1 deficient cells have shown that cyclin D1 is necessary for tumor
development [11-14]. This paradox may at least be partly explained by the presence of an
alternative splicing product of CCND1, whose abundance is modulated in humans by the
G870A polymorphism [15][16].
This single base pair G/A polymorphism at the exon 4/intron 4 boundary (nucleotide 870) of
CCND1 does not result in an amino acid substitution but instead modulates splicing of exons
4 and 5 [17]. It is postulated that the G allele favors the normal splicing of CCND1 exons 4
and 5, to produce the canonical cyclin D1a mRNA, while the A allele enhances alternative
gene splicing, resulting in a shorter transcript, cyclin D1b. This alternative product incorporates
99 bp of intron 4 but lacks the complete exon 5 sequence [17].
Several regulatory sequences are encoded by exon 5, including a PEST domain, that has been
postulated to destabilize cyclin D1, the threonine 286 phosphorylation site for glycogen
synthase kinase 3b (GSK3b), shown to promote nuclear export and protein turnover [18], and
a novel regulatory region of cyclin D1 that is required for binding and repression of the
androgen receptor (AR) [19]. Thus, based on the sequence analysis it is expected that cyclin
D1b will result in a more stable protein with constitutive nuclear localization and altered co-
transcriptional activities. Studies by three independent laboratories, including ours, have
confirmed that cyclin D1b remains constitutively nuclear; however, changes in the stability of
the protein were not consistently shown [20][21]. Unlike cyclin D1a, the alternative cyclin D1b
was able to transform cells in vitro and the tumorigenicity of cyclin D1b-transformed cells was
demonstrated in immunocompromised SCID mice [21]. Since previous studies by the Diehl
laboratory showed that a mutated cyclin D1 (T286A) that is constitutively nuclear becomes
tumorigenic [21], it has been postulated that the cyclin D1b oncogenic properties may also be
related to its constitutive nuclear location. However, the actual molecular mechanisms involved
in cyclin D1b transformation have not been elucidated.
In addition to the in vitro evidence, the role of cyclin D1b in human cancer is also supported
by several epidemiological studies showing that the G870A CCND1 polymorphism is
associated with increased susceptibility and poor prognosis in a variety of human cancers,
including basal cell carcinoma of the skin and tumors of the prostate, head and neck, urinary
bladder, and colon [22-26]. Since G870A enhances cyclin D1b expression, these studies
suggest a possible link between the alternative transcript and oncogenesis.
Using transgenic mice expressing a constitutively nuclear mutant cyclin D1 in lymphocytes,
Gladden et al. [27] showed the first evidence that nuclear retention of cyclin D1 is oncogenic
in vivo. Still, the biology of cyclin D1b is poorly understood. Little is known about expression
of cyclin D1b in different stages of neoplasia or premalignant conditions. Also, the occurrence
Rojas et al. Page 2
Mol Carcinog. Author manuscript; available in PMC 2009 July 6.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
of the cyclin D1b transcript and the existence of polymorphisms at the exon 4/intron 4 boundary
in other species besides humans has not been reported.
In this study, we developed a transgenic mouse model expressing cyclin D1b to analyze its
functional significance in cancer development. The human CCND1b cDNA was placed under
the control of a bovine keratin 5 (K5) promoter that constitutively expressed cyclin D1b in the
basal cells of the interfollicular epidermis, the pilosebaceous unit, and to a lesser degree in
other organs like thymus, pancreas, prostate, and gall bladder [8][28][29]. Interestingly, K5-
cyclin D1b mice (K5D1b) have a different phenotype than K5-cyclin D1a mice (K5D1a), which
express the canonical human CCND1a under the control of the same K5 promoter [8]. Whereas
K5D1a mice display strong thymic hyperplasia and moderate skin hyperplasia, K5D1b mice
do not have an obvious thymic or skin phenotype. Although K5D1b transgenic mice do not
show histological alterations or develop spontaneous tumors in tissues expressing K5, they
exhibited enhanced susceptibility to skin papilloma development when challenged with a
chemical carcinogenesis protocol.
MATERIALS AND METHODS
Development and Phenotyping of K5D1b Transgenic Mice
K5D1b transgenic mice were developed in our laboratory with the same strategy (pronuclear
microinjection of FVB/N fertilized eggs) previously used for K5D1a, K5-cyclin D2, and K5-
cyclin D3 lines [30][31]. Seven founders were original identified using genomic DNA and
specific PCR reactions for the human cyclin D1b isoform (forward 5′-
CTCCGTCTTGAGCATGGCTC-3′ and reverse 5′-TAGCAGAGAGCTACAGACTTCG-3′),
and a non-coding region of the transgenic construct (i.e., a human β-globin sequence) (Figure
1). Expression analysis of the transgene was performed by RT-PCR with human cyclin D1b-
specific primers (forward 5′-GTGCTGTCT CATCGATTTGGCAA-3′ and reverse 5′-
CATATGTCCTTCGAAGTGAGAGA-3′) that amplified a fragment of 1420 bp and by
Western blot using antibodies against the transcribed sequence of intron 4 (Sen-2 and D1bAb)
[20] and the amino-terminus region (monoclonal antibody DCS-6 from Neomarkers (Fremont,
CA); and anti-cyclin D1 Ab-3 from Oncogene, Inc., Cambridge, MA) (Figure 1). Based on
these expression analyses, we selected founder # 8 to establish the transgenic line used for
phenotyping and carcinogenesis studies. The standard nomenclature for this K5D1b transgenic
line is FVB/N-Tg(Krt5-CCND1b)8Sprd1.
Twenty transgenic and 20 normal siblings mice ranging from 3-wk to 12-mo old were used to
collect different tissues (skin, thymus, esophagus, stomach, bladder and prostate). Mice were
injected with 60 mg/g body weight of BrdU 30 min before euthanized. Histopathological
analysis was carried out on paraffin-embedded sections stained with hematoxylin and eosin
(H&E). Cell proliferation was determined by immunohistochemical (IHC) analysis using anti-
BrdU antibody (Becton Dickinson Immunocytometry System, San Jose, CA) and counting the
number of nucleated cells in the epidermal basal cell layer in sections of dorsal skin. Apoptosis
was evaluated using an anti caspase-3 polyclonal antibody AF835 (R&D Systems,
Minneapolis, MN). The seven founder mice were analyzed at 10 mo of age (retired breeders)
following the same protocol.
Development of Congenic Lines
Since our K5D1a transgenic line was maintained on a congenic C57BL/6J background, and
given the necessity to establish comparisons between K5D1a and K5D1b transgenic lines, we
developed C57BL/6J-K5D1b and FVB/N-K5D1a congenic lines. To develop these lines we
used marker assisted “speed congenic” breeding strategies [32]. Fourteen N2, N3, and N4 males
(positive for the transgene as tested by PCR) were successively genotyped with polymorphic
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simple sequence-length polymorphism (SSLP) markers distributed throughout the genome in
order to select those males with the least amount of donor genome. Microsatellite analysis of
N5 mice from both congenic lines showed that more than 98% of the alleles were from the
recipient strain genome (data not shown).
Generation of K5D1a/b Bigenic Lines and Transgenic/KO Compound Mice
We generated transgenic/KO compound lines by crossing partially congenic FVB/N; SSIN-
Ccnd1-/- (D1KO) mice [33] (gift of Dr. Robert A. Weinberg and Dr. Piotr Sicinsky) with the
FVB/N-K5D1b congenic line. K5D1a/b bigenic mutant mice were generated by intercrossing
FVB/N-K5D1a and FVB/N-K5D1b lines. Identification of the different genotypes was carried
out using cyclin D1b specific primers (see above) and two sets of primers identifying the KO
and wild-type allele of the Ccnd1 gene as previously described [11].
X-Ray Images
X-ray radiographs were taken with a MX-20 Digital X-ray machine (Faxitron X-ray
Corporation, Wheeling, IL) at 24 kV/15 s. Mice were immobilized with ketamine (50 mg per
kilogram of body weight, intraperitoneally).
Short-Term UV-Irradiation
Both wild-type and K5D1b transgenic mice were exposed one time to 200 mJ of UV irradiation.
Then these mice were terminated at different times after irradiation during a 24 h period (0, 4,
8, 12, 16, and 24 h). The mice were intraperitoneally injected with BrdU 30 min before
euthanasia and their skins were collected. Sections of dorsal skin were used for IHC analysis
to evaluate p53 expression (#NCL-p53-CM5p; Novocastra Laboratories, New Castle, UK),
apoptosis/caspase-3 (R&D Systems), and BrdU (Becton Dickinson Immunocytometry
System) incorporation as previously described [31].
Skin Carcinogenesis and Tissue Collection
Fifteen K5D1b mice plus 15 littermate wild-type controls were used to determine the
susceptibility to chemically induced tumorigenesis. The two-stage carcinogenesis protocol was
performed by initiating newborn mice (24-72 h age) as previously described [34] with 200
nmol of 7,12-dimethyl-benz[a]anthracene (DMBA) (Sigma Chemical Co., St Louis, MO) in
30 μL of acetone on the dorsal skin. Promotion was started 2 wk after initiation with twice
weekly applications of 4 μg of 12-O-tetradecanoylphorbol-13-acetate (TPA) (Sigma Chemical
Co.) in 200 μL of acetone. Promotion was stopped after 30 wk and the animals were kept alive
for a total of 40 wk after initiation. Tumors were counted weekly and histological analysis of
the tumors was performed at the end of the experiment or upon the death of the animal.
Identification of Putative Murine Cyclin D1b Isoforms
For RNA preparations, skin, thymus and papillomas induced by DMBA/TPA were ground and
then homogenized in TriReagent (Sigma Chemical Co.) according to the instructions of the
manufacturer. Total RNA preparations were treated with DNAse (Life Technologies, Inc.,
Grand Island, NY) and then used for reverse transcription (RT) and polymerase chain reaction
(PCR) assays. RTs were performed from total mRNA using GeneAmp® RNA PCR kit
(Applied Biosystems, Foster City, CA) and the products were separated by 2% agarose gel
electrophoresis. The PCR product was purified from the agarose gel, cloned using the TOPO
TA cloning kit (Invitrogen, Carlsbad, CA), and sequenced by BigDye Terminator sequence
chemistry. The sequences were compared by BLAST against the NR database at NCBI.
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Statistical Analysis
Statistical significance was determined by calculation of P values. Statistical differences for
squamous cell carcinoma (SCC) multiplicity were determined with Fisher’s exact test. The
differences between papilloma per animal (multiplicity) were analyzed by comparison of
frequencies using Poisson’s regression.
RESULTS
K5D1b Mice Demonstrate no Obvious Phenotype
Following pronuclear microinjection of the cyclin D1b transgenic construct into fertilized
FVB/N eggs, seven founders were detected by PCR as described in Materials and Methods
Section. The expression of the human cyclin D1b transcript was confirmed by RT-PCR in
epidermis and thymus from transgenic mice (Figure 1B). In addition, protein expression was
confirmed by Western blots in epidermal tissues using four different antibodies (Figure 1C).
Two antibodies against the carboxy-terminal sequence derived from intron 4 recognize
exclusively the cyclin D1b isoform (Sen-2, D1bAb), whereas the commercial antibodies Ab3
and DCS-6 recognize both, cyclin D1a and cyclin D1b isoforms.
Phenotypic changes were studied extensively in the seven K5D1b founders and first generation
offspring, and also in the established K5D1b line up to 1 yr of age. Neither gross observation
nor histopathological studies showed abnormal phenotype in the analyzed tissues (skin,
thymus, esophagus, stomach, bladder and prostate). This is in sharp contrast to K5D1a mice,
which showed epidermal hyperproliferation and severe thymic hyperplasia [8]. Figure 2 shows
representative thymus size of FVB/N wild-type, K5D1b and K5D1a mice as observed during
necropsy (panel A) or X-ray imaging (panel B). The lack of thymic phenotype was observed
not only in seven independent founders with different levels of expression and random
integration in the original FVB/N background but also in the congenic line established on
C57BL/6 (data not shown). It is worth mentioning that K5D1a mice exhibit the hyperplastic
thymic phenotype in the original B6D2 mixed background, as well as in SENCAR and C57BL/
6 backgrounds [8][35].
Epidermal Proliferation in K5D1b Mice
Cell proliferation in the basal layer of untreated dorsal skin from K5D1b mice and control
littermates was evaluated by BrdU incorporation. Unlike K5D1a mice that presented a
moderate increase in keratinocyte proliferation, K5D1b mice showed no difference in
epidermal proliferation when compared with wild-type mice (data not shown). In order to
determine whether forced expression of cyclin D1b results in an exacerbated response to TPA-
induced keratinocyte proliferation, K5D1b mice and wild-type littermates were treated with a
topical application of TPA to the shaved dorsal skin, and BrdU incorporation was measured at
24 h. However, the level of proliferation was similar in both K5D1b and wild-type mice (data
not shown).
Short-Term UV Irradiation Experiments
To test the possibility of alterations in the G1checkpoints in tissues expressing human cyclin
D1b, we exposed K5D1b mice and littermate controls to a single dose of 200 mJ/cm2UV and
collected skin samples at 4, 8, 12, 16, and 24 h after exposure. As shown in Figure 3A, we
observed a higher proliferative response (measured by BrdU incorporation), in K5D1b
transgenic keratinocytes, compared to wild-type littermates. In addition, we observed reduced
numbers of apoptotic cells in epidermis from transgenic mice compared to wild-type (Figure
3B). Also, IHC analysis showed a decrease in levels of p53 in UV-irradiated K5D1b mice
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(Figure 3C). These results suggest that overexpression of cyclin D1b exacerbates UV-induced
proliferation.
K5D1b Mice Show Increased Sensitivity to Two-Stage Skin Carcinogenesis
To determine whether cyclin D1b expression may have an effect on tumor development, we
conducted a two-stage skin carcinogenesis protocol using FVB/N-K5D1b mice and wild-type
littermates. Initiation was carried out by topical application of DMBA in newborn mice as
previously described [34] and promotion was carried out twice a week by topical application
of TPA for 30 wk. The tumor multiplicity (papillomas per mouse) was scored in each group
for 40 wk. The first papilloma appeared in both K5D1b mice and wild-type siblings between
6 and 7 wk of promotion. The number of papillomas increased rapidly in the transgenic mice
reaching a plateau of approximately 8 papillomas per mice at 18 wk, whereas wild-type mice
reach a plateau of 5.8 papilloma per mice at 21 wk (data not shown). This is in contrast with
K5D1a mice, in which skin tumor development after two-stage carcinogenesis was not affected
[36]. This experiment was repeated showing a more pronounced difference between K5D1b
and wild-type littermates (see below and Figure 4A). SCC incidence and multiplicity at 30 wk
showed no statistically significant differences (Fisher’s exact test) between K5D1b mice and
wild-type littermates (incidence was: K5D1b = 27.3% and WT = 25%; average number of SCC
per mouse was: K5D1b = 0.41 and WT = 0.31).
To study the functional consequences of human cyclin D1b overexpression in skin
tumorigenesis in the absence of the endogenous cyclin D1 protein, we established a series of
compound lines intercrossing D1KO and K5D1b mice. We carried out a two-stage
carcinogenesis experiment using six different genotypes (12-19 mice per genotype). In
agreement with our previous experiment, D1+/+; K5D1b mice, expressing normal levels of
the endogenous Ccnd1 gene but expressing human CCND1b, showed an increase susceptibility
to skin carcinogenesis, since the number of papillomas per mouse was significantly higher
(P < 0.001) when compared with wild-type mice (D1+/+; WT) (Figure 4A). In agreement with
these results, expression of cyclin D1b in a Ccnd1 haplo-insufficient background (D1+/-;
K5D1b compound mutant mice) showed an intermediate susceptibility to DMBA/TPA
compared to D1+/+; K5D1b and D1-/-; K5D1b compound mutant mice (Figure 4B). We
previously demonstrated that lack of cyclin D1 results in severe reduction in the number of
papillomas [11]. Interestingly, the compound mutant line lacking the endogenous Ccnd1 gene
but expressing the human CCND1b isoform (D1-/-; K5D1b) also develop a very small number
of tumors, showing that cyclin D1b overexpression in keratinocytes can not rescue the
resistance of cyclin D1 null mice (D1-/-; WT) to skin tumor development after DMBA/TPA
treatment (Figure 4C).
Lack of Evidence of Cyclin D1b Expression in Mouse Tissues
In order to investigate the existence of cyclin D1b in the mouse we used first an “in silico”
approach. The GenBank accession # NT_039437 (Ccnd1 containing contig) was used to predict
a 325 bp transcript unique to mouse cyclin D1b, including the 99 bp sequence derived from
intron 4 and the 226 bp sequence from exon 4. This sequence was used to query the NCBI
dbEST (www.ncbi.nlm.nih.gov/dbEST) and the RIKEN mouse full-length cDNA collection
(http://genome.gsc.riken.jp/home.html) databases. No sequence matched our predicted D1b
transcript. Based on the same reference sequence, we designed several primers to amplify a
region of the putative cyclin D1b isoform. The target region spanned from exon 3 to the first
30 nucleotides of the mouse Ccnd1 intron 4. We performed RT-PCR from different tissues
(i.e., skin, thymus, and papillomas obtained after DMBA/TPA carcinogenesis) and various
inbred mouse strains (i.e., SSIN/Sprd, FVB/N, and 129/Sv), and no PCR products matching
predicted sequences for cyclin D1b were obtained.
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DISCUSSION
We describe here the phenotype of transgenic mice (K5D1b) that express human cyclin D1b,
an alternative transcript of CCND1 that has been shown to have oncogenic properties in tissue
culture experiments [20][21]. The purpose of this study was to investigate the in vivo effect of
cyclin D1b overexpression and to compare the phenotype of the K5D1b mice with our
previously described K5D1a mice overexpressing the canonical form of cyclin D1 [8][9].
K5D1b mice were essentially devoid of any macroscopic or microscopic phenotype and did
not develop spontaneous tumors. In this regard the K5D1b is not very different from the
previously described K5D1a mice [8][9] with only one remarkable difference: the lack of the
severe and fatal thymic hyperplasia observed in mice overexpressing the cyclin D1a transcript
[8]. The mechanisms by which overexpression of cyclin D1 lead to thymic hyperplasia in
K5D1a mice are not well understood but our previous research suggests that it is caused by the
expansion of a K5 positive progenitor compartment located in the medulo-cortical junction of
the thymus [35]. The absence of the thymus phenotype in K5D1b mice is unlikely to be the
result of differences in expression because both transgenic mice, K5D1a and K5D1b, were
developed with the same strategy and the absence of the thymus phenotype was observed in
several founders with different levels of expression. The more likely explanation for the lack
of thymic phenotype in K5D1b mice is a loss of function associated with the absence of exon
5 in the cyclin D1b isoform [20][21].
Experimental evidence from three independent studies, including ours, confirmed the
predominant nuclear localization of cyclin D1b but failed to show changes in stability [20]
[21]. Functional studies using a cyclin D1 mutant (T286A) confirmed that this residue, a target
of GSK-3b, is critical for cyclin D1 nuclear export and also showed that this mutation confers
cyclin D1 oncogenic properties [18][27]. The oncogenic potential of constitutively nuclear
cyclin D1, was further demonstrated in transgenic mice overexpressing the mutated form of
cyclin D1 (T286A) controlled by either the lymphoid-specific Eμ enhancer or the mammary
gland MMTV-LTR promoter. Mice that expressed the T286A mutant cyclin D1 in lymphatic
tissues developed mature B-cell lymphomas, whereas mice overexpressing the canonical cyclin
D1 under the control of the same promoter did not develop neoplastic lesions [27]. Similarly,
mice expressing the T286A mutant cyclin D1 in the mammary gland developed tumors at a
faster rate than those animals overexpressing wild-type cyclin D1a [37].
Recent findings showing the presence of CCND1 mutations in endometrial carcinomas and
esophageal cancer also support the hypothesis that constitutive nuclear location confers cyclin
D1 oncogenic properties [38][39]. Point mutations and deletions in CCND1, creating truncated
mRNAs, have also been recently reported in mantle cell lymphomas [40]. Based on this large
body of information, it can be postulated that the oncogenic properties of cyclin D1b are related
to its constitutive nuclear localization. However, the actual molecular mechanisms by which
cyclin D1 nuclear retention may affect tumor development are not well understood. A recent
study from Diehl’s laboratory suggests that nuclear accumulation of cyclin D1 inhibits CDT1
proteolysis resulting in aneuploidy and genome instability [41].
In our transgenic model, the forced expression of cyclin D1b did not result in spontaneous
neoplasias but increased the susceptibility to chemically induced skin carcinogenesis. In
contrast, our previously published K5D1a transgenic did not produce an increase in
susceptibility to the two stage carcinogenesis protocol [36]. Similarly, other transgenic mice
overexpressing the canonical cyclin D1a have not shown an oncogenic phenotype or in some
case a weak oncogenic phenotype [42-45]. The only exception is the study of Yamamoto et al.
[10] reporting enhanced skin tumorigenesis using a complete DMBA-induced carcinogenesis
protocol in the relatively resistant C57BL/6 background.
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Whether the lack of proliferative activity of cyclin D1b is related to the nuclear retention,
changes in substrate recognition or decreased CDK4 activity remains to be determined.
Paradoxically, our study showed that when proliferation is stimulated by UV exposure, K5D1b
mice show a higher epidermal proliferative response than the wild-type littermates. In addition,
K5D1b mice irradiated with a single exposure to UV light had a reduced number of apoptotic
cells and a lower percentage of p53 positive cells than the wild-type mice. Collectively, these
results suggest that overexpression of cyclin D1b interferes with the proliferation checkpoints
facilitating the transit to S phase under conditions of stress. Cyclin D1 activation of CDK4 and
CDK6 leading to phosphorylation of RB is still considered an important function of cyclin D1
but it is presently recognized that the cyclin D1/CDK4 complex phosphorylates several other
proteins, including SMAD3, CDT1 and the RB related proteins p107 and p130 [15].
Furthermore, it has become clear that cyclin D1 has also cell cycle and CDK-independent
functions. Several studies have shown that cyclin D1 acts independently of CDKs as a modifier
of gene transcription [4][46]. Transcription factors regulated by cyclin D1 include several
members of the nuclear receptor superfamily like estrogen and progesterone receptors, thyroid
hormone, and PPARg. Other transcription factors regulated by cyclin D1 are C/EBPb, STAT3,
DMP1, and Beta2/NeuroD [26][47][48]. One mechanism involved in transcriptional
modification by cyclin D1 is the enhancement of transcription by means of recruitment of
coactivators [15]. A specific LxxLL motif important for coactivator recruitment has been
identified in exon 5 [49][50]. The lack of the LxxLL motif may play a role in the oncogenicity
of cyclin D1b as shown recently by the Knudsen laboratory [26]. They showed that while cyclin
D1a association with the AR results in growth inhibition of AR-dependent prostate cells,
association of the D1b with AR stimulated proliferation in this cell type [26]. The
cotranscriptional activities of cyclin D1 may play important role not only in transformation but
also in the development of the thymic hyperplasia.
The discovery of cyclin D1b and its oncogenic properties generate an attractive hypothesis to
explain some of the paradoxical results regarding the role of cyclin D1 in cancer development.
In spite of the large body of literature providing circumstantial evidence for the oncogenic role
of cyclin D1, no tissue culture or transgenic experiments have been able to establish cyclin D1
as a dominant oncogene [15][16]. Yet, cyclin D1 null mice are resistant to chemical skin
carcinogenesis [11] as well as Ras and Neu transformation in breast cancer models [14].
In summary, our results show that cyclin D1b has very distinct biological properties compared
to canonical cyclin D1a and also confirm cyclin D1b oncogenicity in vivo. However, our data
does not provide support for the existence of a murine homologue of the cyclin D1b isoform
and shows that human cyclin D1b transgene could not rescue cyclin D1KO mice resistance to
epidermal carcinogenesis. In addition, the lack of a thymus phenotype in K5D1b mice opens
new possibilities in understanding the role of cyclin D1 in thymus homeostasis.
Acknowledgements
We thank Pamela S. Huskey, April Weiss, Dr Lezlee Coghlan, and Donna Schutz for their assistance with the breeding
and maintenance of the mouse strains; and Oscar Contreras for data coordination. We also wish to thank the Histology
and Tissue Processing Facility Core for the processing of samples. NIH Grant CA90922 to CJC, Grant U01 CA105345
to DGJ and Center Grant NIEHS ES007784 supported this work. This study also made use of the Research Animal
Support Facility-Smithville, including Genetic Services, supported by P30 CA16672-30 DHHS/NCI Cancer Center
Support Grant (CCSG).
Abbreviations
IHC, immunohistochemical; DMBA, 7,12-dimethyl-benz[a]anthracene; TPA, 12-O-
tetradecanoylphorbol-13-acetate; RT, reverse transcription; PCR, polymerase chain reaction;
SCC, squamous cell carcinoma; AR, androgen receptor.
Rojas et al. Page 8
Mol Carcinog. Author manuscript; available in PMC 2009 July 6.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
References
1. Matsushime H, Roussel MF, Sherr CJ. Novel mammalian cyclins (CYL genes) expressed during G1.
Cold Spring Harb Symp Quant Biol 1991;56:69–74. [PubMed: 1726425]
2. Sherr CJ, Roberts JM. CDK inhibitors: Positive and negative regulators of G1-phase progression.
Genes Dev 1999;13:1501–1512. [PubMed: 10385618]
3. Bates S, Bonetta L, MacAllan D, et al. CDK6 (PLSTIRE) and CDK4 (PSK-J3) are a distinct subset of
the cyclin-dependent kinases that associate with cyclin D1. Oncogene 1994;9:71–79. [PubMed:
8302605]
4. Ewen ME, Lamb J. The activities of cyclin D1 that drive tumorigenesis. Trends Mol Med 2004;10:158–
162. [PubMed: 15059606]
5. Fu M, Wang C, Li Z, Sakamaki T, Pestell RG. Minireview: Cyclin D1: Normal and abnormal functions.
Endocrinology 2004;145:5439–5447. [PubMed: 15331580]
6. Deshpande A, Sicinski P, Hinds PW. Cyclins and cdks in development and cancer: A perspective.
Oncogene 2005;24:2909–2915. [PubMed: 15838524]
7. Gladden AB, Diehl JA. Location, location, location: The role of cyclin D1 nuclear localization in
cancer. J Cell Biochem 2005;96:906–913. [PubMed: 16163738]
8. Robles AI, Larcher F, Whalin RB, et al. Expression of cyclin D1 in epithelial tissues of transgenic
mice results in epidermal hyperproliferation and severe thymic hyperplasia. Proc Natl Acad Sci USA
1996;93:7634–7638. [PubMed: 8755527]
9. Rodriguez-Puebla ML, LaCava M, Conti CJ. Cyclin D1 overexpression in mouse epidermis increases
cyclin-dependent kinase activity and cell proliferation in vivo but does not affect skin tumor
development. Cell Growth Differ 1999;10:467–472. [PubMed: 10437914]
10. Yamamoto H, Ochiya T, Takeshita F, et al. Enhanced skin carcinogenesis in cyclin D1-conditional
transgenic mice: Cyclin D1 alters keratinocyte response to calcium-induced terminal differentiation.
Cancer Res 2002;62:1641–1647. [PubMed: 11912134]
11. Robles AI, Rodriguez-Puebla ML, Glick AB, et al. Reduced skin tumor development in cyclin D1-
deficient mice highlights the oncogenic ras pathway in vivo. Genes Dev 1998;12:2469–2474.
[PubMed: 9716400]
12. Perez-Roger I, Kim SH, Griffiths B, Sewing A, Land H. Cyclins D1 and D2 mediate myc-induced
proliferation via sequestration of p27(Kip1) and p21(Cip1). EMBO J 1999;18:5310–5320. [PubMed:
10508164]
13. Lee RJ, Albanese C, Fu M, et al. Cyclin D1 is required for transformation by activated Neu and is
induced through an E2F-dependent signaling pathway. Mol Cell Biol 2000;20:672–683. [PubMed:
10611246]
14. Yu Q, Geng Y, Sicinski P. Specific protection against breast cancers by cyclin D1 ablation. Nature
2001;411:1017–1021. [PubMed: 11429595]
15. Knudsen KE, Diehl JA, Haiman CA, Knudsen ES. Cyclin D1: Polymorphism, aberrant splicing and
cancer risk. Oncogene 2006;25:1620–1628. [PubMed: 16550162]
16. Knudsen KE. The cyclin D1b splice variant: An old oncogene learns new tricks. Cell Division
2006;1:15. [PubMed: 16863592]
17. Betticher DC, Thatcher N, Altermatt HJ, Hoban P, Ryder WD, Heighway J. Alternate splicing
produces a novel cyclin D1 transcript. Oncogene 1995;11:1005–1011. [PubMed: 7675441]
18. Guo Y, Yang K, Harwalkar J, et al. Phosphorylation of cyclin D1 at Thr 286 during S phase leads to
its proteasomal degradation and allows efficient DNA synthesis. Oncogene 2005;24:2599–2612.
[PubMed: 15735756]
19. Petre-Draviam CE, Cook SL, Burd CJ, Marshall TW, Wetherill YB, Knudsen KE. Specificity of
cyclin D1 for androgen receptor regulation. Cancer Res 2003;63:4903–4913. [PubMed: 12941814]
20. Solomon DA, Wang Y, Fox SR, et al. Cyclin D1 splice variants. Differential effects on localization,
RB phosphorylation, and cellular transformation. J Biol Chem 2003;278:30339–30347. [PubMed:
12746453]
21. Lu F, Gladden AB, Diehl JA. An alternatively spliced cyclin D1 isoform, cyclin D1b, is a nuclear
oncogene. Cancer Res 2003;63:7056–7061. [PubMed: 14612495]
Rojas et al. Page 9
Mol Carcinog. Author manuscript; available in PMC 2009 July 6.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
22. Kong S, Amos CI, Luthra R, Lynch PM, Levin B, Frazier ML. Effects of cyclin D1 polymorphism
on age of onset of hereditary nonpolyposis colorectal cancer. Cancer Res 2000;60:249–252.
[PubMed: 10667569]
23. Holley SL, Parkes G, Matthias C, et al. Cyclin D1 polymorphism and expression in patients with
squamous cell carcinoma of the head and neck. Am J Pathol 2001;159:1917–1924. [PubMed:
11696452]
24. Wang L, Habuchi T, Takahashi T, et al. Cyclin D1 gene polymorphism is associated with an increased
risk of urinary bladder cancer. Carcinogenesis 2002;23:257–264. [PubMed: 11872630]
25. Zhang Z, Liu W, Jia X, Gao Y, Hemminki K, Lindholm B. Use of pyrosequencing to detect clinically
relevant polymorphisms of genes in basal cell carcinoma. Clin Chim Acta 2004;342:137–143.
[PubMed: 15026274]
26. Burd CJ, Petre CE, Morey LM, et al. Cyclin D1b variant influences prostate cancer growth through
aberrant androgen receptor regulation. Proc Natl Acad Sci USA 2006;103:2190–2195. [PubMed:
16461912]
27. Gladden AB, Woolery R, Aggarwal P, Wasik MA, Diehl JA. Expression of constitutively nuclear
cyclin D1 in murine lymphocytes induces B-cell lymphoma. Oncogene 2006;25:998–1007.
[PubMed: 16247460]
28. Ramirez A, Bravo A, Jorcano JL, Vidal M. Sequences 5′ of the bovine keratin 5 gene direct tissue-
and cell-type-specific expression of a lacZ gene in the adult and during development. Differentiation
1994;58:53–64. [PubMed: 7532601]
29. DiGiovanni J, Kiguchi K, Frijhoff A, et al. Deregulated expression of insulin-like growth factor 1 in
prostate epithelium leads to neoplasia in transgenic mice. Proc Natl Acad Sci USA 2000;97:3455–
3460. [PubMed: 10737798]
30. Robles AI, Conti CJ. Early overexpression of cyclin D1 protein in mouse skin carcinogenesis.
Carcinogenesis 1995;16:781–786. [PubMed: 7728955]
31. Rodriguez-Puebla ML, LaCava M, De Marval PL Miliani, Jorcano JL, Richie ER, Conti CJ. Cyclin
D2 overexpression in transgenic mice induces thymic and epidermal hyperplasia whereas cyclin D3
expression results only in epidermal hyperplasia. Am J Pathol 2000;157:1039–1050. [PubMed:
10980142]
32. Wong G. Speed congenics: Applications for transgenic and knock-out mouse strains. Neuropeptides
2002;36:230–236. [PubMed: 12359513]
33. Sicinski P, Donaher JL, Parker SB, et al. Cyclin D1 provides a link between development and
oncogenesis in the retina and breast. Cell 1995;82:621–630. [PubMed: 7664341]
34. de Marval, PL Miliani; Gimenez-Conti, IB.; LaCava, M.; Martinez, LA.; Conti, CJ.; Rodriguez-
Puebla, ML. Transgenic expression of cyclin-dependent kinase 4 results in epidermal hyperplasia,
hypertrophy, and severe dermal fibrosis. Am J Pathol 2001;159:369–379. [PubMed: 11438484]
35. Klug DB, Crouch E, Carter C, Coghlan L, Conti CJ, Richie ER. Transgenic expression of cyclin D1
in thymic epithelial precursors promotes epithelial and T cell development. J Immunol
2000;164:1881–1888. [PubMed: 10657637]
36. Rodriguez-Puebla ML, LaCava M, Conti CJ. Cyclin D1 overexpression in mouse epidermis increases
cyclin-dependent kinase activity and cell proliferation in vivo but does not affect skin tumor
development. Cell Growth Differ 1999;10:467–472. [PubMed: 10437914]
37. Lin DI, Lessie MD, Gladden AB, Bassing CH, Wagner KU, Diehl JA. Disruption of cyclin D1 nuclear
export and proteolysis accelerates mammary carcinogenesis. Oncogene 2008;27:1231–1242.
[PubMed: 17724472]
38. Moreno-Bueno G, Rodriguez-Perales S, Sanchez-Estevez C, et al. Cyclin D1 gene (CCND1)
mutations in endometrial cancer. Oncogene 2003;22:6115–6118. [PubMed: 12955092]
39. Benzeno S, Lu F, Guo M, et al. Identification of mutations that disrupt phosphorylation-dependent
nuclear export of cyclin D1. Oncogene 2006;25:6291–6303. [PubMed: 16732330]
40. Wiestner A, Tehrani M, Chiorazzi M, et al. Point mutations and genomic deletions in CCND1 create
stable truncated cyclin D1 mRNAs that are associated with increased proliferation rate and shorter
survival. Blood 2007;109:4599–4606. [PubMed: 17299095]
Rojas et al. Page 10
Mol Carcinog. Author manuscript; available in PMC 2009 July 6.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
41. Aggarwal P, Lessie MD, Lin DI, et al. Nuclear accumulation of cyclin D1 during S phase inhibits
Cul4-dependent Cdt1 proteolysis and triggers p53-dependent DNA rereplication. Genes Dev
2007;21:2908–2922. [PubMed: 18006686]
42. Nakagawa H, Wang TC, Zukerberg L, et al. The targeting of the cyclin D1 oncogene by an Epstein-
Barr virus promoter in transgenic mice causes dysplasia in the tongue, esophagus and forestomach.
Oncogene 1997;14:1185–1190. [PubMed: 9121767]
43. Zhang X, Gaspard JP, Mizukami Y, Li J, Graeme-Cook F, Chung DC. Overexpression of cyclin D1
in pancreatic beta-cells in vivo results in islet hyperplasia without hypoglycemia. Diabetes
2005;54:712–719. [PubMed: 15734847]
44. Deane NG, Lee H, Hamaamen J, et al. Enhanced tumor formation in cyclin D1 x transforming growth
factor beta1 double transgenic mice with characterization by magnetic resonance imaging. Cancer
Res 2004;64:1315–1322. [PubMed: 14973059]
45. Wang TC, Cardiff RD, Zukerberg L, Lees E, Arnold A, Schmidt EV. Mammary hyperplasia and
carcinoma in MMTV-cyclin D1 transgenic mice. Nature 1994;369:669–671. [PubMed: 8208295]
46. Coqueret O. Linking cyclins to transcriptional control. Gene 2002;299:35–55. [PubMed: 12459251]
47. Lamb J, Ramaswamy S, Ford HL, et al. A mechanism of cyclin D1 action encoded in the patterns of
gene expression in human cancer. Cell 2003;114:323–334. [PubMed: 12914697]
48. Bienvenu F, Barre B, Giraud S, Avril S, Coqueret O. Transcriptional regulation by a DNA-associated
form of cyclin D1. Mol Biol Cell 2005;16:1850–1858. [PubMed: 15659654]
49. Zwijsen RM, Buckle RS, Hijmans EM, Loomans CJ, Bernards R. Ligand-independent recruitment
of steroid receptor coactivators to estrogen receptor by cyclin D1. Genes Dev 1998;12:3488–3498.
[PubMed: 9832502]
50. McMahon C, Suthiphongchai T, DiRenzo J, Ewen ME. P/CAF associates with cyclin D1 and
potentiates its activation of the estrogen receptor. Proc Natl Acad Sci USA 1999;96:5382–5387.
[PubMed: 10318892]
Rojas et al. Page 11
Mol Carcinog. Author manuscript; available in PMC 2009 July 6.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 1.
(A) K5-CCND1B transgene screening techniques. PCR amplification of DNA extracted from
mouse tail clips. Above: β-globin sequence was amplified resulting in a 450 bp product. Below:
a cyclin D1b specific sequence was amplified resulting in a 538 bp product (L: molecular
weight marker). (B) RT-PCRs were performed from epidermis and thymus total mRNA. Tg,
K5D1b transgenic; WT, wild-type littermates. (C) Western blot expression of the K5D1b
transgene. Western blots were carried out in epidermal extracts using 4 different antibodies.
Two antibodies (Sen-2 and D1bAb) are polyclonal antibodies against the sequences derived
from intron 4 and are cyclin D1b specific. The two other antibodies (DCS-6 and Ab3) are
commercially available antibodies against the C-terminal region and recognize both cyclin D1
transcripts.
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Figure 2.
Thymus development in 3-mo-old wild-type, K5D1b and K5D1a mice. (A) Gross morphology
of the thoracic cavity of WT, K5D1b and K5D1a FVB/N mice (arrows point at the thymus).
(B) X-ray images of the thorax from the same animals.
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Figure 3.
Effect of short term UV exposure on dorsal skin of K5D1b mice. K5D1b mice and littermate
controls were irradiated with a single dose of 200 mJ/cm2UV. (A) BrdU incorporation in the
basal cells of the epidermis. (B) Apoptosis index determined by caspase-3 immunostaining.
(C) p53 nuclear accumulation determined by IHC.
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Figure 4.
Multiplicity of skin tumors after two-stage carcinogenesis in K5D1b crosses with Ccnd1 KO
mice. (A) D1+/+; K5D1b compound mutant mice, expressing normal levels of Ccnd1 gene but
expressing human CCND1b, show a significant increase in susceptibility to carcinogenesis,
compared with wild-type mice (D1+/+; WT) (P < 0.001). (B) D1+/-; K5D1b compound mutant
mice, haplo-insufficient for the endogenous Ccnd1 gene but overexpressing human
CCND1b, shows an intermediate susceptibility to DMBA/TPA compared to D1+/+; K5D1b
and D1-/-; K5D1b compound mutant mice. (C) D1-/-; K5D1b compound mutant mice, lacking
the endogenous Ccnd1 gene but expressing the human CCND1b isoform, does not rescue the
resistance of cyclin D1 null mice (D1-/-; WT) to skin tumor development after DMBA/TPA
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carcinogenesis. Analysis of differences between groups was performed with Poisson’s
regression for multiplicity.
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